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TrehaloseInhibition of huntingtin aggregation, either in the nucleus and/or in the cytosol, has been identiﬁed as a major
strategy to ameliorate the symptoms of Huntington's disease. Chaperones and other protein stabilisers would
thus be key players in ensuring the correct folding of the amyloidogenic protein and its expression in the soluble
form. By transient activation of the global heat stress response in Saccharomyces cerevisiae BY4742, we show that
heterologous expression of mutant huntingtin (103Q-htt) could be modulated so that the protein was
partitioned off in the soluble fraction of the cytosol. This led to lower levels of reactive oxygen species and
improved cell viability. Previous reports had speculated on the relationship between trehalose and the heat
shock response in ensuring enhanced cell survival but no direct evidence of such an interaction was available.
Usingmutants of an isogenic strainwhich do not express themajor trehalose synthetic or metabolising enzymes
or the chaperone, heat shock protein 104 (Hsp104), we were able to identify the functions of Hsp104 and the
osmoprotectant trehalose in solubilising mutant huntingtin. We propose that the beneﬁcial effect of the protein
refolding machinery in solubilising the aggregation-prone protein is exerted by maintaining a tight balance
between the trehalose synthetic enzyme, trehalose-6-phosphate synthase 1 and Hsp104. This ensures that the
level of the osmoprotectant, trehalose, does not exceed the limit beyond which it is reported to inhibit protein
refolding.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Huntington's disease (HD) belongs to the family of polyglutamine
(polyQ) diseases in which the glutamine stretch in the N-terminal
region of the native protein is elongated beyond a threshold limit
[1–3]. In the case of HD, the elongation occurs in the 350 kDa cytosolic
protein called huntingtin [4]. The disease exhibits anticipation; the age
of onset and the severity of symptoms correlate inversely with the
length of the polyQ tract. HDoccurs due to theunusually long expansion
of the CAG (coding for glutamine) triplet repeat near the 5′ end of exon
1 of the IT15 gene residing on chromosome 4. The cellular changes oc-
curring due to this expansion are less well-understood. The formation
of inclusions, cytosolic and/or nuclear, is a characteristic feature of the
disease [5–7]. The presence of these aggregates is thought to interfere
with a variety of cellular pathways due to the sequestration of essential
proteins by these aggregates [2,8–10]. It has recently been proposed
that the formation of aggregates leads to the disruption of the stress
response machinery of the cell [11]. Activation of stress response
elements would thus be expected to lead to enhanced survival of cells
harbouring such aggregates.
Heat shock proteins or molecular chaperones were initially identi-
ﬁed as components of cellular defence response against stress [12–14].91 172 221 4692.
ights reserved.The sequestration and absence of the protein folding aids adversely
affects the correct folding of the nascent polypeptide chains, leading to
accumulation of misfolded, partially folded and/or aggregated proteins.
The reversal of this process and/or overexpression of the components
of the chaperone machinery should result in reduced toxicity and
increased viability of cells. Such strategies have shownpromise. Overex-
pression of Hsp104 and Hsp27 resulted in the rescue of striatal dysfunc-
tion in E16 rat striatal cultures and HD rat models, with concomitant
decrease in the expression of the GABAergic neuronal marker DARPP-
32 [9,15]. Overexpression of Hsp104 also reduced the formation of
huntingtin inclusions in yeast [14], Caenorhabditis elegans [16] and
mammalian HD models [17,18]. Molecules like geldanamycin, which
activate the heat shock factor 1, have shown enhanced cell viability
and reduced proteotoxicity due to elongated polyQ tract [19]. The
presence of the elongated stretch of polyQ in huntingtin adversely
affects the heat shock response in murine STHdh(Q111) cells which
overexpress full-length elongated polyQ huntingtin [11]. In these cells,
exposure to a short period of heat shock (42 °C for 3 h) led to downreg-
ulation of expression of a number of Hsps. In contrast, overexpression of
HSJ1a, a neuronal DNAJB chaperone protein (other members of the
family being Hsp40s), in transgenic R6/2 mice, led to a reduction of
aggregation and increased solubilization of mutant (~200Q) huntingtin
and reversal of disease phenotype in the brain [20]. As compared to
other stress conditions, the activation of even the transient heat shock
response in Saccharomyces cerevisiae led to signiﬁcantly improved
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shown to correspond with acquired thermotolerance in yeast cells
[22], trehalose production did not match with positive heat shock
response in a ΔHsp104 background [23]. Trehalose is formed from
UDP-glucose and glucose-6-phosphate in a coupled reaction catalysed
by two enzymes, viz. trehalose-6-phosphate synthases 1 and 2 (tps1
and tps2). Trehalose is hydrolyzed to its constituent units, glucose, by
the action of neutral trehalases (nth1 and nth2), and less commonly,
by the acidic trehalase (ath1). Yeast cells overexpressing tps1 in a triple
deletion background (ΔnthΔ1nth2Δath1) showed higher growth rates
at elevated temperatures compared to parental cells [24]. Potato plants
expressing S. cerevisiae tps1 gene exhibited higher drought resistance
[25]. Overexpression of Escherichia coli trehalose biosynthetic genes
(otsA and otsB) in rice led to increased abiotic stress tolerance [26].
Expression of otsA and otsB genes in human ﬁbroblasts improved their
desiccation tolerance [27]. Transgenic R6/2 mice expressing mutant
huntingtin showed amelioration of symptoms of the disease when fed
with trehalose-containing water [28]. Both heat shock proteins and
trehalose are members of the heat shock response machinery in yeast
cells. In this work, we have studied the result of activation of the global
heat shock response in yeast and the roles of members of both classes
of chaperones (viz. heat shock proteins and chemical chaperones) in
inhibiting the aggregation of mutant huntingtin protein in a yeast
model of HD.
2. Materials and methods
2.1. Materials
S. cerevisiae BY4742 (MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0, [RNQ1+])
wild type (WT) and deletion strains and plasmid BG1805-tps1 containing
the gene coding for tps1 protein were products of Open Biosystems and
were purchased from Saf Labs Pvt. Ltd., Mumbai, India. Amino acids for
amino acid dropoutmixture were purchased from SRL Pvt. Ltd., Mumbai,
India. Yeast nitrogen base (without amino acids) was purchased from
HiMedia Laboratories Pvt. Ltd., Mumbai, India. Bovine serum albumin,
Luria bertani broth, agar, ampicillin, acrylamide, mouse anti-FLAG
antibody,mouse anti-His antibody, goat anti-rabbit FITC-conjugated anti-
body and goat anti-mouse FITC-conjugated antibody were purchased
from Sigma-Aldrich, Bangalore, India. Mouse anti-polyglutamine
(polyglutamine-expansion disease marker monoclonal antibody) was a
product of Chemicon International, and was purchased from Millipore
(India) Pvt. Ltd., NewDelhi, India. Mouse GAPDH antibodywas a product
of Abcam plc, Cambridge, UK. Goat anti-mouse horseradish peroxidase
(HRP) conjugated monoclonal antibody and tetramethyl benzidine/
hydrogen peroxide substrate were obtained from Bangalore Genei, Ban-
galore, India. Sytox Orange was a product of Invitrogen, USA. DNA ligase,
oligo dT18 primer and prestained protein ladder were purchased from
Fermentas Inc., Maryland, USA. M-MLV reverse transcriptase was pur-
chased from Promega Corporation, Madison, USA. SYBR Premix Ex Taq™
(Perfect Real Time) kit was purchased from Takara Bio, Inc., Japan.
Dichlorodihydroﬂuoresceindiacetate (DCFH-DA) was purchased from
Cayman Chemical Company, USA. All other reagents and chemicals
used were of analytical grade or higher.
2.2. Methods
2.2.1. Expression of 25Q-htt and 103Q-htt in WT and mutant strains
Plasmids pYES2-FLAG-Htt-25Q-EGFP and pYES2-FLAG-Htt-103Q-
EGFP, harbouring gene inserts for normal and mutant length htt
(exon1), respectively, under the control of Gal1 promoter were trans-
formed in S. cerevisiae BY4742 WT, Δnth1 (neutral trehalase-deletion
mutant) and Δtps1 (trehalose-6-phosphate synthase-deletion mutant)
strains using the lithium acetate-PEG method [29]. Cells were grown
in SC-URA medium containing 2% (w v−1) dextrose at 30 °C. Protein
expression was induced with 2% (w v−1) galactose for 7 h. Cells werepelleted andwashedwith autoclaved double distilledwater and viewed
under a ﬂuorescence microscope (E600 Eclipse, Nikon).
For construction of pRS315-CUP1-103Q-htt-mRFP (expression of
103Q-htt under the control of CUP1 promoter), the insert FLAG-103Q-
htt was obtained by restriction digestion of pYES2-FLAG-htt-103Q-
EGFP. Restriction sites for BamHI and SacII were inserted by ampliﬁca-
tion of FLAG-103Q-htt by PCR using appropriate primers. The plasmid
pRS315-CUP1-RNQ1-mRFPwas digested with BamHI and SacII and the
digested vector was puriﬁed by agarose gel electrophoresis. The FLAG-
103Q-htt insert, containing the ﬂanking restriction sites, was ligated to
this vector. Ligation was conﬁrmed by the appearance of transformed
bacterial colonies on selection plates. Plasmids pRS315-CUP1-103Q-
htt-mRFP (103Q-htt under the control of CUP1 promoter) and BG1805-
tps1 (tps1 under the control of GAL1 promoter) were cotransformed
into S. cerevisiaeWT and Δtps1 cells and grown to O.D.600 0.8 (mid-log-
arithmic phase). For expression of 103Q-htt-mRFP, cells were induced
with 500 μM CuSO4; expression of His6-tps1 was induced by the addi-
tion of 2% (w v−1) galactose. The expression of proteins was conﬁrmed
using ﬂuorescence microscopy, native PAGE and western blotting.
2.2.2. Heat shock treatment
WT, Δnth1 and Δtps1 yeast strains transformed with pYES2-FLAG-
htt-25Q-EGFP and pYES2-FLAG-htt-103Q-EGFP were grown to O.D.600
0.8 (mid-logarithmic phase) and subjected to heat shock at 45 °C for
different time intervals prior to induction of expression of htt. After
induction, the cells were pelleted down and analysed.
2.2.3. Native PAGE and Western blotting
Post-induction cell pellets were lysed using acid treated glass beads
[30]. Lysates were set aside for 1 h for the glass beads and debris to set-
tle down. Total lysates were centrifuged at 800 g for 10 min. Superna-
tants containing soluble fractions were collected and the amount of
protein was estimated in total lysate and supernatant using Bradford
dye binding method [31], using bovine serum albumin as the standard
protein. Samples were analysed by 12% native PAGE and scanned
using Typhoon Trio (GE Healthcare) in the EGFP mode at λex =
488 nm and λem = 526 nm, and in the RFP mode at λex = 532 nm
and λem = 610 nm. The expression of 103Q-htt was conﬁrmed using
FLAG antibody (1:1000) as the primary antibody and goat anti-mouse
HRP-conjugated antibody (1:2500) as the secondary antibody. Hsp104
levels were conﬁrmed by using anti-Hsp104 antibody (1:100,000) as
the primary antibody and FITC-conjugated anti-rabbit antibody
(1:1000) as the secondary antibody. The expression of tps1 protein
was detected using anti-His antibody (1:3500) as the primary antibody
and FITC-conjugated goat anti-mouse antibody (1:1000) as the secondary
antibody.
2.2.4. Estimation of trehalose
The cells were extracted with trichloroacetic acid [32]. The amount
of trehalose produced by the cells was determined by HPLC (SCL-10A
VP, Shimadzu) [33]. Samples were injected into a Zorbax carbohydrate
analysis column (Agilent Technologies) and the eluate was monitored
using a refractive index detector (RID-10A, Shimadzu). The mobile
phase was a mixture of acetonitrile and water in the ratio of 70:30
(v v−1), at a ﬂow rate of 1 ml min−1.
2.2.5. Estimation of oxidative stress
Intracellular ROS levels were quantiﬁed by dichlorodihydro-
ﬂuorescein diacetate (DCFH-DA) method [34]. Post-induced cells were
washed with phosphate buffered saline (pH 7.4) and counted using
Neubaur's chamber. Cells (1 × 107) were aliquoted into a micro-
centrifuge tube and DCFH-DA (10 mM, dissolved in dimethyl
sulphoxide) was added at a ﬁnal concentration of 10 μM followed
by addition of H2O2 at a ﬁnal concentration of 1 mM. The ﬁnal reaction
mixture was made up to 1 ml with phosphate buffered saline (10 mM,
pH 7.4). The emission intensity of dichloroﬂuorescein (de-esteriﬁed
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of incubation using a spectroﬂuorimeter (RF-5301PC, Shimadzu)
with λex = 504 nm and λem = 519 nm. The emission intensity of
dichloroﬂuorescein in the absence of cells was recorded as a control.
2.2.6. Cell toxicity assay
Toxicity in yeast cells was determined using uptake of Sytox orange
dye [35]. Post-induced cells were collected by centrifugation and
washed twice with 50 mM MES buffer, pH 5.5 and resuspended in
1 ml of the same buffer. O.D.600 was adjusted to 1.0 by adding MES
buffer, pH 5.5, to the cell suspension. Sytox orange was added to a
ﬁnal concentration of 1 μM and ﬂuorescence intensity was read using
a spectroﬂuorimeter (RF-5301PC, Shimadzu) with λex = 547 nm and
λem = 570 nm.
2.2.7. Cell viability assay
Heat shocked samples were pelleted down after 7 h of protein
expression. The pellets were washed twice with 10 mM phosphate
buffered saline, pH 7.4. Cell counting was done using a Neubaur
chamber. Cells were diluted to 9 × 103, and then serially diluted three-
fold. Cells were plated on SC-URA containing 2% dextrose and SC-URA
containing 2% galactose and growth was monitored over 2–3 days.
2.2.8. Gene expression proﬁling
The level of expression of various genes in S. cerevisiae (Δnth1 strain)
transformed with pYES2-FLAG-Htt-25Q-EGFP or pYES2-FLAG-Htt-103Q-
EGFP following heat shock and subsequent induction for 7 h, was mea-
sured by real time PCR. Total RNA was isolated using the hot phenol
method [36]. RNA obtained above was treated with DNase I to remove
genomic DNA contamination and then reverse transcribed using oligo
dT18 primer and M-MLV reverse transcriptase according to the
manufacturer's protocol. cDNA thus obtained was used for real time
PCR. cDNA (1:10 dilution)was used with SYBR® Premix Ex TaqTM (Per-
fect Real Time) kit according to the manufacturer's protocol. Primers
were designed using Primer3 (v. 0.4.0) software [37]. Cyclingswere per-
formed on anEppendorfMastercycler®ep realplex thermal cycler using
SYBR Green detection. Cycling parameters were as follows: [A] initial
denaturation at 95 °C, 20 s; [B] 35 cycles of (i) denaturation at 95 °C,
5 s, (ii) primer annealing at 52 °C, 25 s, and (iii) ampliﬁcation at
72 °C, 15 s. Data were analysed using realplex 2.2 software
(Eppendorf) to calculate cycle threshold (Ct) values. Actin1 gene
was taken as the housekeeping gene (internal control). Relative fold
change in gene expression was calculated by comparative Ct method
(also known as the 2−ΔΔCt method) [38]. PCR reactions were carried
out in triplicate each from three different cDNA samples.
2.2.9. Coimmunoprecipitation of 103Q-htt and Hsp104
S. cerevisiae Δtps1 cells harbouring pRS315-CUP1-103Q-htt-mRFP
and BG1805-tps1 plasmids were grown on SC-LEU-URA medium
containing 2% dextrose. One set was induced with 500 μM CuSO4
alone (expressing 103Q-htt) and a second set was induced with 2% ga-
lactose and 500 μM CuSO4 (expressing 103Q-htt and tps1 proteins).
After lysis, the total lysate was incubated with polyglutamine antibody
for 5 h at 4 °C to pull down 103Q-htt. The lysate–antibody mixture
was incubated overnight with Protein A-agarose matrix at 4 °C. This
mixture was centrifuged at 500 g at 4 °C for 5 min and heated with
SDS-PAGE loading dye at 95 °C. Western blotting of the samples was
carried out with Hsp104 and His6 antibodies.
2.2.10. Statistical analysis
All values are mean ± standard error of mean (s.e.m.) of at least
three independent experiments. Student's t-test was used to analyse
signiﬁcant difference. A value of p b 0.05 was considered to demon-
strate statistical signiﬁcance.3. Results and discussion
3.1. Thermotolerance leads to solubilisation of 103Q-htt in yeast
Prior exposure of S. cerevisiae cells to mild heat shock enables their
subsequent survival at a higher, otherwise lethal, temperature [39].
In this work, we wanted to study if a similar preconditioning approach
would beneﬁt yeast cells in terms of survival when expressing
misfolded mutant huntingtin (mhtt) protein. 25Q-htt was expressed
in the soluble form in yeast cells (data not shown). Distinct aggregates,
visualised as ﬂuorescent puncta, could be seen in the case of cells
expressing 103Q-htt (Fig. 1A). To monitor the effect of global heat
shock response of the cell on aggregation of mhtt, transformed WT
andΔnth1 (cells which lack neutral trehalase and hence cannot degrade
trehalose) cells were subjected to heat shock at 45 °C for different time
intervals prior to induction. Shifting the growth temperature of yeast
from 30 °C to 45 °C leads to the production of trehalose which peaks
at 120 min of heat shock [40]. No change was observed in the expres-
sion of 25Q-htt following heat shock (data not shown). On exposing
cells containing pYES2-FLAG-Htt-103Q-EGFP to heat shock, 103Q-htt
was found to be expressed in a partially soluble form in both strains
(Fig. 1A). In the WT strain, the solubilisation of 103Q-htt protein was
seen upon induction after 30 min of heat shock while after 90 and
120 min, no further solubilisation could be observed (Fig. 1A). In
Δnth1 strain, the solubility of 103Q-htt continued to increase up to
120 min of heat shock (Fig. 1B). This increased solubilisation of the pro-
tein was conﬁrmed by native PAGE analysis (Fig. 1C). The ﬂuorescence
intensity of the band for the monomer in the case of the WT strain
showed partial solubilization after 30 min of heat shock and declined
thereafter. In the case of Δnth1 strain, the ﬂuorescence intensity of the
protein band increased continually with the time of heat shock
(Fig. 1D). Cellswhich cannot synthesise trehalose (Δtps1 strain) showed
reduced expression of 103Q-htt following heat shock and induction
with galactose. This pattern reﬂected the inability of the trehalose-6-
phosphate synthase mutants to express proteins following heat shock
as a similar pattern was seen in the case of cells expressing 25Q-htt as
well (data not shown). Western blotting conﬁrmed that with increase
in the time of heat shock, increased amount of 103Q-htt was present
in the soluble fraction in the case ofΔnth1 strain (Fig. 1E). The increased
intensity of the band in the case ofΔnth1 strainwas not due to increased
expression of 103Q-htt following heat shock. When cells transformed
with pYES2-FLAG-Htt-25Q-EGFPwere subjected to heat shock for differ-
ent time intervals, the expression of protein was found to decrease with
time in the case of theWT strain (Fig. 1F) and remained almost constant
in the case ofΔnth1 strain (Fig. 1G). Thus, the increased solubilisation of
103Q-htt observed was probably due to the activation of the heat shock
response machinery of the cell.
3.2. Increased solubilisation leads to decreased oxidative stress and improved
viability of yeast cells
The extent of oxidative stress inHDhas been directly correlatedwith
the length of polyQ stretch of htt [41]. Cell death in yeast following
lethal heat shock has also been attributed to enhanced oxidative stress
[42]. Thus, if prior conditioning with heat shock indeed has any beneﬁ-
cial effect on the solubility of 103Q-htt, it must be reﬂected positively in
the level of oxidative stress. Mild oxidative stress has been shown to
have a beneﬁcial effect on yeast cell survival while elevated levels of
reactive oxygen species (ROS) reduce cell viability [43]. Cells expressing
103Q-htt in the aggregated form showed signiﬁcantly higher oxidative
stress than cells expressing 25Q-htt (Fig. 2A). With increase in the
time of heat shock followed by expression of 103Q-htt, the level of
ROS decreased in the WT and Δnth1 strains while it increased for
Δtps1 strain, as compared to the level in cells not treated with heat
shock. With progress in heat shock, this gap became signiﬁcantly
wider and at 120 min post-heat shock, Δtps1 strain showed ~1.5-fold
Fig. 1. Expression of 103Q-htt under different conditions of heat shock. Transformed Saccharomyces cerevisiae BY4742 (A) WT and (B) Δnth1 strains were subjected to heat shock for
different time periods and expression of 103Q-htt was induced with galactose. Fluorescent micrographs were recorded under 100× objective and 10× eyepiece using a ﬂuorescence
microscope (Eclipse E600, Nikon). Bar = 10 μm; λex = 450–490 nm; λem = 520 nm. (C) The extent of solubilisation of 103Q-htt in soluble fractions of WT, Δnth1 and Δtps1 strains
was monitored by native PAGE (12% crosslinked gel). The gel was scanned using an image scanner (Typhoon Trio, GE Healthcare) in the ﬂuorescence mode; λex = 488 nm and
λem = 526 nm. Equal protein load was conﬁrmed by Coomassie staining of the gel. (D) Densitometric analysis of 103Q-EGFP bands expressed in WT (empty bars) or Δnth1
(ﬁlled bars) strain was carried out using Image QuantTM (GE Healthcare). The intensity of the band for 103Q-EGFP in ΔHsp104 strain induced for 7 h (not shown here) was assigned
an arbitrary value of 100% and other values were calculated taking this as the base value. (E) Western blotting of total lysates of WT and Δnth1 strains and the soluble fraction of
Δnth1 strain was carried out using anti-FLAG antibody. Equal protein load was conﬁrmed by Coomassie staining of the gel. Arrow indicates the position of the monomeric protein
while arrowhead indicates theposition of the aggregated protein.Western blotting of lysates of (F)WT and (G)Δnth1 strains expressing 25Q-httwas carried out using anti-FLAG antibody.
Equal protein load was conﬁrmed by Coomassie staining of the gel. All experiments were carried out in triplicates. Representative images are shown.
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(Fig. 2A). Thermolability of Δtps1 strain has been shown to be depen-
dent on the absence of trehalose rather than on the presence of chaper-
ones like Hsp104 [22]. This has been investigated further later on.
The quantiﬁcation of soluble 103Q-htt was carried out bymeasuring
the ﬂuorescence intensity of the EGFP-tagged protein in the soluble
fraction of Δnth1 strain and normalised to the total protein content
(Fig. 2B). The ﬂuorescence intensity of 103Q-htt in an isogenicΔHsp104 strain (Fig. 2C), which does not allow aggregation of proteins
containing elongated polyglutamine stretches to occur [44], was consid-
ered to be 100%. Increase in duration of heat shock corresponded with
increased dissolution of 103Q-htt. Solubilisation led to reduced oxida-
tive stress (Fig. 2B) and overcame the effect of heat shock as an inducer
of oxidative stress in the cell. In the case of Δtps1 strain, exposure to
heat shock led to an elevated level of ROS (Fig. 2A). Sytox dye is used
as a marker for cytotoxicity. It enters cells whose plasma membrane
Fig. 2. (A) Measurement of oxidative stress using DCFH-DA in transformed S. cerevisiaseWT (empty bars),Δnth1 (ﬁlled bars) and Δtps1 (grey bars) strains, following heat shock. Fluores-
cence intensity of the metabolised probe wasmeasured following induction of expression of 103Q-htt for 7 h. Samples were excited at 504 nm and the emission intensity of the dye was
measured at 519 nm. ** p b 0.01 against cells (WT strain) expressing 103Q-htt without heat shock; # p b 0.05 against cells (Δnth1 strain) expressing 103Q-htt without heat shock.
(B) Measurement of solubility of 103Q-htt following different intervals of heat shock. Cells (Δnth1 strain) were lysed and centrifuged as described in the text. Fluorescence intensity of
EGFP-103Q-httwasmeasured in the soluble fraction (denotedby line graph and circles) by spectroﬂuorimetry after exciting the samples at 488 nmandmeasuring the emission intensities
at 510 nm. Values were normalised to protein contents of the samples. Fluorescence intensity of EGFP-103Q-htt/mg protein expressed in the soluble fraction of Saccharomyces cerevisiae
BY4742 ΔHsp104 strain (expressing soluble EGFP-103Q-htt) was assumed to be 100%. $$$ p b 0.005 against cells (Δnth1 strain) expressing 103Q-htt without heat shock (0 min).
Bar graphs denote ﬂuorescence intensity of metabolised DCFH-DA. # p b 0.05 against cells (Δnth1 strain) expressing 103Q-htt without heat shock. (C) Expression of 103Q-htt in
transformed Saccharomyces cerevisiae BY4742 Δnth1 and ΔHsp104 strains induced with galactose for 7 h at 30 °C. Fluorescent micrographs were recorded under 100× objective and
10× eyepiece using a ﬂuorescence microscope (Eclipse E600, Nikon). Bar = 10 μm; λex = 450–490 nm; λem = 520 nm. (D) Cell viability assay of transformed S. cerevisiae cells after
heat shock. Treated cells (9 × 103, serially diluted) were plated on SC-URA + 2% dextrose and SC-URA + 2% galactose and the growth of colonies was monitored. Arrow indicates
direction of dilution. The experiment was carried out in triplicate. A representative image is shown.
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sion of 103Q-htt resulted in a higher uptake of the ﬂuorophore as
compared to cells expressing 25Q-htt, subjecting the cells to heat shock
did not lead to any change in the permeability of plasma membrane
(data not shown).
Yeast cells expressing 25Q-htt and 103Q-htt were serially diluted
and plated on different selection media. Heat shock treatment
was found to have no effect on the growth of cells transformed with
pYES2-FLAG-Htt-103Q-EGFP on dextrose plate (Fig. 2D). In the case of
Δnth1 strain, heat shock for 120 min resulted in higher cell viability
(Fig. 2D), along with increased solubilisation of 103Q-htt and lower
oxidative stress (Fig. 2B). Thus, the heat shock response machinery
lowered the toxicity due to the expression of 103Q-htt by solubilising
the protein, thus enhancing cell viability. In Δtps1 strain, the viability
of cells was adversely affected due to heat shock (Fig. 2D). This was
expected from the increased oxidative stress observed in this strain
(Fig. 2A). It has been suggested that in cells expressing pathogenic
polyQ stretch, the heat shock response is weakened, which makes the
cell more vulnerable to other stress conditions [11]. Solubilisation of
103Q-htt will thus be expected to strengthen the cell against a variety
of stress conditions and increase its viability. Since the use of Sytox
dye did not reveal any signiﬁcant difference in the rupture of plasma
membrane, the increased number of colonies observed after exposure
to heat shock may indicate the role of aggregated mutant huntingtin
in interfering with cell cycle and growth rather than being directly
toxic. The relationship between elongated polyglutamine tract and cell
cycle has been reported in the case ofmutant ataxin-3 (77Q) implicated
in Machado-Joseph disease [45] and even in a yeast model of HD [46].3.3. Effect of (pseudo)chaperones on solubilisation of 103Q-htt
The basal level of trehalose (before heat shock) in Δnth1 strain was
about 7-fold lower than in the WT strain. The amount of trehalose syn-
thesised immediately after heat shock continued to be lower in Δnth1
than in the WT (Fig. 3A) strain, irrespective of the period of heat
shock, although the levels of trehalose increased in both strains. The rel-
ative increase in the amount of trehalose was, however, higher in the
case of Δnth1 strain (N50-fold after 120 min of heat shock with respect
to the basal level) as compared to theWT strain (~9-fold after 120 min
of heat shock). The promoter region of nth1 contains multiple stress re-
sponse elements, which control its expression under diverse stress con-
ditions [47]. On exposure to thermal stress, the expression of nth1 in the
WT strain increases, which lowers the level of trehalose. After induction
for 7 h post-heat stress, the level of trehalose declined in both strains
(Fig. 3A). This decline has been reported for other yeast strains as well
[24]. Since Δnth1 cells are unable to metabolise trehalose, the level
of the disaccharide remained high even after removal of the stimulus,
correlating with the higher solubility of 103Q-htt in this case (Fig. 1).
A higher level of trehalose may correlate with increased solubilisa-
tion of the aggregated proteome via the cellular chaperone network.
The disaccharide is reported to retain proteins in theirmisfolded confor-
mations for renaturation by the chaperone Hsp104 [22,48]. In the
absence of heat shock, increased level of trehalose has no effect on the
expression of HspmRNAs [49]. In contrast to other heat shock proteins,
the protein remodelling factor Hsp104 has a complementary role to
trehalose when yeast cells are exposed to heat shock [22]. Instead of
acting as an inhibitor of protein aggregation [22,48], it functions as a
Fig. 3.Measurement of intracellular chaperones and pseudochaperones in Saccharomyces cerevisiae following heat shock. (A) Levels of trehalose inWT (complete bar outline) and Δnth1
(dotted bar outline) strains were measured after different time periods of heat shock. Analysis was carried out by HPLC immediately after heat shock (empty bars) and after induction
of expression of 103Q-htt for 7 h following heat shock (shaded bars). At each time point, lysed cells were dried in a hot air oven till a constant dry cell weight was obtained.
*,# p b 0.05, ## p b 0.01, ***,### p b 0.005 against cells of WT or Δnth1 strain, respectively, expressing 103Q-htt without heat shock. Western blotting of total lysates of (B) WT and
(C) Δnth1 strains was carried out using anti-Hsp104 antibody for detection of Hsp104. Equal protein load was conﬁrmed by Coomassie staining of the gel. Level of trehalose
(bar graph) and intensities of the protein bands corresponding to the expression of Hsp104 (line curve) in both strains following heat shock were compared. Densitometric analysis of
Hsp104 bands was carried out using Image Quant™ (GE Healthcare). The intensity of the band for Hsp104 in cells expressing 103Q-htt (without heat shock) in each strain was assigned
an arbitrary value of 100% and other values were calculated taking this as the base value. (D) Relationship between patterns of intracellular chaperones and cellular stress inΔnth1 strain
following heat shock. Parametersmeasuredwere levels of trehalose byHPLC (◯) (Fig. 3A), Hsp104 expression bydensitometry (X) (Fig. 3C), reactive oxygen species by spectroﬂuorimetry
(5) (Fig. 2A) and solubility of 103Q-htt (Δ) (Fig. 2B).
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proteins [50,51]. The level of Hsp104 showed a spike after 30 min of
heat shock in the WT strain and declined thereafter (Fig. 3B). In the
Δnth1 strain, however, the level of Hsp104 increased continuously
with the time of heat shock (Fig. 3C), correlating well with the amount
of trehalose produced at each stage. The presence of trehalose is neces-
sary for the enhanced transcription of heat shock protein genes by Hsf1
in response to thermal stress [49]. However, a comparison of the
expression level of Hsp104 and solubility of 103Q-htt in Δnth1 strain
shows that the two curves run almost parallel after 90 and 120 min of
heat shock, while the level of trehalose reaches a plateau after 90 min
(Fig. 3D). Thus, in cells expressing polyglutamine proteins, the levels
of both chaperones, viz. trehalose and Hsp104, need not increase con-
tinuously to facilitate solubilisation of the aggregation-prone protein.
Rather, it is the balance between trehalose and Hsp104, which deter-
mines the solubility and hence, viability of the cell. The level of intracel-
lular trehalosemirrors the activity of trehalose-6-phosphate synthase in
the cell and shows an opposite trend to the level of activity of neutraltrehalase [52]. Although heat shock induces an increase in the activity
of neutral trehalase, it is not considered to be a good indicator of
the cellular trehalose pool [52]. On the other hand, with increased
heat shock, Δnth1 strain showed signiﬁcantly higher levels of Hsp
mRNA levels than the wild type control and this continued to increase
with progress in heat shock [49], similar to what is observed here.
Interestingly, the strain with the highest level of trehalose did not
have the highest expression of Hsp mRNAs [49]. Thus, the optimal
expression of Hsps is not directly related to trehalose levels but occurs
within a threshold window of trehalose.
3.4. Levels of chaperones in S. cerevisiae Δtps1 cells
Heat stress leads to the production of osmolytes like trehalose
[22,49,53] and chaperones like Hsp104 [22,39] in yeast. In order to
ﬁnd the link between these two components of the heat shock response
machinery, we decided to monitor the expression of 103Q-htt in Δtps1
strain, which does not synthesise trehalose. For coexpression of 103Q-
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under CUP1 promoter and leucine selection marker. The expression
of tps1 was regulated by the Gal1 promoter. When expressed alone
in either WT or Δtps1 strain, 103Q-htt formed aggregates and theFig. 4. (A) Expression of 103Q-mRFPwasmonitored in Saccharomyces cerevisiae BY4742WT an
alone or 103Q-htt and tps1 for different time periods, as indicated. Fluorescence micrographs
(Eclipse E600, Nikon). Bar = 10 μm. (B) Native PAGE analysis of the expression of soluble 1
image scanner (Typhoon Trio, GE Healthcare). (C) Densitometric analysis of 103Q-mRFP band
QuantTM (GE Healthcare). The intensity of the band for 103Q-mRFP in the corresponding strain
taking this as the base value. (D)Western blotting of soluble fractions of S. cerevisiaeWTandΔtp
to detect the expression of His6-tps1. (E) Densitometric analysis of His6-tps1 bands expresse
(GE Healthcare). The intensity of the band for His6-tps1in the corresponding strain induced
this as the base value. The protein load was kept equal in all the lanes. All experiments were cextent of aggregation increased with time (Fig. 4A). Reduction in the
ﬂuorescence intensity of the protein band in native gel electrophoresis
(Fig. 4B) conﬁrmed the reduction in the amount of 103Q-htt in the sol-
uble fraction (Fig. 4C). When coexpressed with tps1, 103Q-htt showeddΔtps1 strains by ﬂuorescencemicroscopy. Cells were induced to express either 103Q-htt
were recorded under 100× objective and 10× eyepiece using a ﬂuorescence microscope
03Q-htt in S. cerevisiae WT and Δtps1 strains. Gels were scanned using a variable mode
s expressed in WT (empty bars) or Δtps1 (ﬁlled bars) strain was carried out using Image
induced for 7 h was assigned an arbitrary value of 100% and other values were calculated
s1 strains cotransformedwith BG1805-tps1 and pRS315-103Q-RFP using anti-His6 antibody
d in WT (empty bars) or Δtps1 (ﬁlled bars) strain was carried out using Image QuantTM
for 7 h was assigned an arbitrary value of 100% and other values were calculated taking
arried out in triplicate. Representative images are shown. UI: uninduced cells.
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aggregates was reduced (Fig. 4A). This effect was independent of the
strain (WT or Δtps1) employed. With increase in the time of induction
of tps1, the soluble fraction of 103Q-htt increased (Fig. 4C). The increase
in solubility was higher in the deletion strain coexpressing the two
proteins when compared with the WT strain. Taken together with
the results where we showed that increased solubilisation is linked to
a balance between trehalose and Hsp104 levels (Fig. 3D), it is likelyFig. 5. Synthesis of trehalose in Saccharomyces cerevisiae (A) WT and (B) Δtps1 strains cotrans
(empty bars), tps1 alone (ﬁlled bars) and coexpress 103Q-htt and tps1 (grey bars). Lysed cells w
of total lysate ofΔtps1 strain transformedwith BG1805-tps1was carried out using anti-Hsp104
was conﬁrmed by Coomassie staining of the gel. (D) Western blotting of lysates of S. cerevisiae
(in hours) post-induction, with anti-Hsp104 antibody to detect the presence of Hsp104. The e
all the lanes. (E) Densitometric analysis of Hsp104 expressed inWT (ﬁlled bars) orΔtps1 (empty
of the band forHsp104 to the band for the loading control in the corresponding uninduced strain
base value. (F) Expression of 103Q-EGFPwasmonitored in S. cerevisiae BY4742WT andΔnth1 s
of 5 mMGdHCl for 7 h. Fluorescencemicrographswere recorded under 100× objective and 10×
blotting of S. cerevisiaeWT andΔHsp104 strains transformedwith BG1805-tps1 using anti-His6 as
LaneM:molecularweightmarkers. (H) Synthesis of trehalose in S. cerevisiaeWT (ﬁlled bars) and
constant dry cell weight was obtained. (I) Coimmunoprecipitation of Hsp104 and Tps1 with 103
analysed using anti-Hsp104 antibody (for detection of Hsp104) and anti-His6 antibody (for detect
before immunoprecipitation. All experiments were carried out in triplicate. Representative imagthat solubilisation of 103Q-htt is facilitated by changes in the level of
intracellular trehalose and/or tps1.
To conﬁrm, the expression level of tps1 was monitored in WT and
Δtps1 strains (Fig. 4D). When cells were induced to express only tps1
in eitherWT orΔtps1 strain, the level of tps1 did not change signiﬁcantly
over time (Fig. 4E). However, when coexpressed with 103Q-htt in the
Δtps1 strain, the level of tps1 was initially low but increased after 12 h
of induction, corresponding with higher solubility of 103Q-htt (Fig. 4C).formed with BG1805-tps1 and pRS315-103Q-RFP, and induced to express 103Q-htt alone
ere dried in a hot air oven till constant dry cell weight was obtained. (C)Western blotting
antibody to detect the presence of Hsp104. The protein load was equal in all lanes and this
WT and Δtps1 strains, expressing 103Q-htt alone or along with tps1 at different periods
xpression of GAPDH was used as the loading control. The protein load was kept equal in
bars) strainswas carried out using ImageQuantTM (GEHealthcare). The ratio of intensities
was assigned an arbitrary value of 100% and other valueswere calculated taking this as the
trains by ﬂuorescence microscopy. Cells were induced to express 103Q-htt in the presence
eyepiece using a ﬂuorescencemicroscope (Eclipse E600, Nikon). Bar = 10 μm. (G)Western
the primary antibody for detection of His6-tps1. Protein loadwas kept equal in all the lanes.
ΔHsp104 (shaded bars) strains expressing tps1. Lysed cells were dried in a hot air oven till a
Q-htt in S. cerevisiae Δtps1 cells. Samples were pulled down using anti-FLAG antibody and
ion of Tps1). Input indicates the expression of the respective proteins in the starting samples
es are shown.
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did not change signiﬁcantly, which correlated with marginally lower
solubility of the latter in coexpressing cells.
The amount of intracellular trehalose was determined in
transformed WT and Δtps1 strains. After 7 h of induction, the level
of trehalose was higher in WT cells expressing tps1 alone than in
cells coexpressing 103Q-htt and tps1 (Fig. 5A). After 12 h, this level
increased further and then remained constant. In the case of Δtps1
cells coexpressing 103Q-htt and tps1, a similar trend was observed
as in the WT cells, i.e. the level of trehalose showed an upward trend
with time before tapering off (Fig. 5B).
To investigate whether the level of trehalose dictates the expression
of Hsp104 in cells or vice versa, the level of Hsp104 was monitored in
Δtps1 cells expressing 103Q-htt before and following heat shock. The
expression of Hsp104 was found to increase following heat shock and
to decline thereafter (Fig. 5C). As heat shock had also resulted in
reduced expression of 103Q-htt in this strain (Fig. 1C), the diminished
expression of Hsp104 could be due to the global effect of the absence
of trehalose on the stressed cellular proteostasis. Since trehalose and
Hsp104 have been reported to have a very close interaction during pro-
tein (re)folding [22,54,55], the level of Hsp104 expression was also
monitored in cotransformed yeast cells. It has been shown previously
that tps1mutants have no effect on the synthesis and accumulation of
Hsp104 [22]. In our case too, the basal expression level of Hsp104
remained unaltered in WT and Δtps1 strains (Fig. 5D, both panels, UI).
When 103Q-htt was expressed alone in WT and Δtps1 cells, Hsp104
levels decreased with increase in the time of induction (Fig. 5E),
although the reduction was not signiﬁcant as compared to the level of
expression prior to induction in either strain. The expression level
of Hsp104 decreased steadily with increase in the time of induction
in WT strain coexpressing tps1and 103Q-htt (Fig. 5E). After 15 h of
expression of 103Q-htt, the level of Hsp104 in the WT cells was less
than that in the uninduced cells while the level of trehalose did not
undergo any signiﬁcant change as compared to the uninduced cells
(Fig. 5A). This explains the increased aggregation of 103Q-htt observed
under these conditions. Sequestration of molecular chaperones by mu-
tant huntingtin has been reported to result in a general decay in the
efﬁciency of folding of the polypeptide chain, caused due to an absence
of protein refolding agents in the cytosol [56]. When tps1 and 103Q-htt
were coexpressed in Δtps1 cells, the levels of Hsp104 increased at all
time points as compared to their levels in the WT strain and that of
the basal level (Fig. 5D). This mirrored an increase in the level of treha-
lose beyond 7 h (Fig. 5A) and corresponded with increased solubility of
103Q-htt over the period of induction (Fig. 4B). Similar to theWT strain,
in this case too, increase in the time of induction led to decrease in the
expression of Hsp104 (Fig. 5E). Thus, in addition to increasing the
level of trehalose, the coexpression of tps1 protein along with that of
103Q-htt also led to elevated levels of Hsp104 in both WT and Δtps1
strains. We decided to see if inhibiting the activity of Hsp104 would
have any effect on the level of intracellular trehalose.
The disaggregase activity of Hsp104 is proposed to be responsible for
breaking down prion aggregates into smaller nuclei and hence forming
‘seeds’, which partition off into daughter cells and propagate further
[57]. Guanidinium hydrochloride (GdHCl) is an uncompetitive inhibitor
of ATPase activity of Hsp104 and inhibits the disaggregation process,
which ‘cures’ the yeast cells of prion phenotype [50]. In the absence of
active Hsp104, RNQ1 is not maintained in the prion conformation,
which inhibits seeding of polyQ aggregates [51]. As expected, on
addition of 5 mM GdHCl, ‘curing’ of the prion phenotype occurred in
these [RNQ1+] cells and 103Q-htt was expressed in the soluble form
in WT and Δnth1 strains (Fig. 5F). This solubilisation was also observed
in ΔHsp104 cells (Fig. 2C). In contrast to the difference in the basal
level of the osmoprotectant disaccharide in the two strains (14.1 and
2.1 μg/mg dry cell weight in WT and Δnth1 cells, respectively), the
amount of trehalose was almost equal in the prion-cured WT cells
(24.2 ± 1.5 μg/mg dry cell weight) and Δnth1 cells (20.3 ± 3.2 μg/mgdry cell weight) where Hsp104 activity was inhibited. Thus, the
ATPase activity of Hsp104 might be linked to the trehalose-mediated
solubilisation of misfolded proteins.
In order to determine if the trehalose synthetic enzyme tps1 is also a
participant in the solubilisation of 103Q-htt and whether Hsp104 or its
ATPase activity alone is responsible for the above observations, we
expressed tps1 in the WT strain and in an isogenic ΔHsp104 back-
ground. Expression of tps1 increased with the time of induction in the
WT strain (Fig. 5G). In a ΔHsp104 background, the level of expression
of tps1 was very low and remained relatively unaltered with time.
Thus, although the presence of Hsp104 is not essential for the expres-
sion of tps1 in yeast cells, it appears to be a requirement for themainte-
nance of the protein. The basal level of intracellular trehalose produced
in theWT cells was signiﬁcantly higher than inΔHsp104 strain (Fig. 5H),
as expected from the expression proﬁle of tps1, reiterating the require-
ment of the chaperone in trehalose synthesis. This is different from the
results observed in prion-‘cured’ cells where the level of the disaccha-
ride was found to be almost similar to that in the WT strain. Since
Hsp104 and trehalose (product of tps1) have complementary functions,
trehalose ‘holds’ themisfolded/unfolded protein till Hsp104 refolds it. It
is plausible that the cell exerts a tight control over the expression of
both proteins. In the absence of Hsp104, the basal level of tps1 was
not sufﬁcient to synthesise a high level of trehalose. The increase in
trehalose levels in a ΔHsp104 background was signiﬁcantly higher
(~21-fold) after 7 h of induction than in theWT strain (~1.5-fold) com-
pared with the level of disaccharide immediately prior to induction
(Fig. 5H). After 12 h of induction, the level of trehalose decreased in
ΔHsp104 strain to a level below that in the WT cells. However, the
increase in the level of intracellular trehalose as compared to the basal
level (~18-fold) was still higher than the increase in the WT strain
(~4-fold). Thus, in the absence of Hsp104, the cell does not allow a
high level of trehalose to be built up. Thermotolerance of Δnth1 cells,
which are able to retain a higher level of the disaccharide without
degrading it, is severely impaired [58]. A partial explanation for this
counter-intuitive result may have been provided by the observation
that in the presence of physiological concentration of trehalose, the
rate of reactivation of denatured luciferase is signiﬁcantly slowed
down [22]. This hints at the role of trehalose as an inhibitor of protein
folding. In the absence of Hsp104, an increase in the level of the disac-
charide is likely to be deleterious for the cell. These results reiterate
the need for equilibrium to be maintained among various components
of the heat shockmachinery in the cell. They also indicate that themain-
tenance of trehalose levels in the cell requires ATPase activity of Hsp104.
How this happenswill require further investigation. Even in cells which
cannot metabolise trehalose (Δnth1), the level of the disaccharide does
not exceed a critical level.
3.5. Coimmunoprecipitation with 103Q-htt
The results obtained above show that a complex relationship
exists between the major trehalose synthetic enzyme tps1, its product
trehalose and the molecular chaperone Hsp104 in the cell. In order to
determine if the solubilisation of 103Q-htt requires its direct interaction
with trehalose/trehalose synthetic enzyme, the possible formation of
a complex between 103Q-htt and tps1 was studied by a pulldown
assay. S. cerevisiae Δtps1 cells transformed with pRS315-103Q-RFP and
BG1805-tps1 were induced to express the respective proteins under
conditions where 103Q-htt is expressed in the soluble form (Fig. 4).
103Q-htt was precipitated using anti-FLAG antibody coupled to Protein
A-agarosematrix and immunoblotting of thepulled-down complexwas
carried out using anti-Hsp104 and anti-His6 antibodies (Fig. 5I). The
presence of 103Q-htt could not be detected in the unbound fraction
(supernatant) of cells coexpressing 103Q-htt and tps1. Hsp104 was
found to precipitate with 103Q-htt, irrespective of whether the cell
expressed tps1 or not (Fig. 5I). However, the amount of Hsp104 which
coprecipitatedwith 103Q-htt was signiﬁcantly lower in cells expressing
Table 2
Comparison of gene expression in S. cerevisiae Δnth1 cells immediately after heat shock
and after 7 h incubation.
Target gene Fold change [ΔΔCt] p value
Tps1 1.416 ± 0.46 0.19422
Sis1 5.628 ± 0.89 0.000878
Ssa1 5.736 ± 1.49 0.00531
Ssa2 8.303 ± 4.48 0.047784
Ssa3 8.06 ± 0.86 0.000142
Ydj1 5.212 ± 1.36 0.005856
Ure2 1.295 ± 0.23 0.095848
Rnq1 1.743 ± 0.62 0.106695
Sup35 1.731 ± 0.5 0.065147
Hsf1 4.298 ± 2.05 0.049494
Hsp104 9.926 ± 3.19 0.008415
Tps2 2.243 ± 1.43 0.207055
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although the overall expression of Hsp104 in these cells was high
(Fig. 5D). It may be recalled that 103Q-htt was expressed in the
soluble form in Hsp104-inactivated background (Fig. 5F). This conﬁrms
the hypothesis that the ATPase activity of Hsp104 is necessary
for the formation of ‘seeds’ of its client protein, 103Q-htt, and for prop-
agation of polyglutamine nuclei [50,51]. Notably, tps1 was found to
coprecipitate with 103Q-htt in cells expressing the latter in a soluble
form. Thus, the presence and direct interaction of tps1 with 103Q-htt
for the solubilisation of the latter is established. Solubilization of
aggregation-prone 103Q-htt is facilitated by the presence of the treha-
lose synthetic enzyme tps1 (or trehalose), which does not allow
Hsp104 to bind to 103Q-htt, inhibiting ‘disaggregation’, and hence,
seed formation of the mutant protein. This promotes the solubilisation
of 103Q-htt.3.6. Gene expression analysis
Unlikemammalian cells where the heat shock response is abrogated
in cells expressing elongated polyQ constructs [11], neither toxic nor
non-toxic polyQ-expanded huntingtin exon1 affected the heat shock
response in yeast cells [10]. Thus, changes in the level of expression of
some of the genes, especially those coding for various chaperones and
heat shock factors, monitored after heat shock and induction of expres-
sion of 103Q-htt in Δnth1 strain, reﬂected changes due to induction
of the heat shock response. The expression of Btn2, a member of the
Hook family, was signiﬁcantly upregulated in cells exposed to heat
shock for 90 and 120 min (Table 1). The levels of other genes, speciﬁcally
those coding for proteins with chaperone or chaperone-associated
functions, viz. Hsf1 and the genes Ssa1, Ssa2, Ssa3, Sis1, Ydj1 and
Hsp104, coding for its client proteins, were found to be signiﬁcantly up-
regulated in response to heat stress and expression of soluble 103Q-htt
(Table 1).
In order to delineate the effect of altered gene expression in an im-
mediate response to heat stress from the global cause of enhanced
solubilisation of 103Q-htt following 7 h of induction, the expression
levels of various genes were monitored immediately after heat shock
and compared with the levels after the induction period (Table 2). The
measurements were carried out in Δnth1 strain as this allows the
assessment of the interplay between the level of trehalose and the
gene expression for chaperones, etc. The level of trehalose increased sig-
niﬁcantly immediately after heat shock (Fig. 3A) and decreased thereaf-
ter. After 7 h of protein expression, the level of trehalosewas reduced to
less than half of the level immediately following heat shock and, in fact,
was seen to be only marginally higher than in the WT strain. Since theTable 1
Fold change in expression of genes in Saccharomyces cerevisiae Δnth1 after different
periods of heat shock followed by induction of 103Q-htt expression for 7 h.
Target gene 103Q-htt (90 min)–103Q 103Q-htt (120 min)–103Q
Fold change
[ΔΔCt]
p value Fold change
[ΔΔCt]
p value
Btn2 12.85 ± 4.00 0.041443553 23.93 ± 8.39 0.052368422
Hsp104 6.90 ± 1.11 0.006211517 9.41 ± 2.65 0.033977702
Ssa1 3.39 ± 0.26 0.000816355 3.36 ± 0.39 0.00390519
Ssa2 2.71 ± 0.46 0.021100966 4.39 ± 0.58 0.004306576
Ssa3 6.06 ± 0.95 0.006172388 5.23 ± 0.46 0.000793977
Sis1 3.78 ± 0.62 0.010985052 3.84 ± 0.71 0.016509373
Ydj1 1.75 ± 0.35 0.099428007 1.99 ± 0.30 0.029982769
Rnq1 1.13 ± 0.15 0.432693547 1.16 ± 0.21 0.477325089
Ure2 0.88 ± 0.12 0.409543523 0.69 ± 0.07 0.019432101
Sod1 1.34 ± 0.13 0.060031319 1.23 ± 0.16 0.236690732
Sup35 1.31 ± 0.09 0.02691656 1.14 ± 0.14 0.047659017
Hsf1 2.84 ± 0.40 0.010435442 3.20 ± 0.52 0.01413071
Tps1 1.82 ± 0.33 0.069938491 3.13 ± 0.87 0.072460773
Tps2 1.23 ± 0.17 0.262960849 2.00 ± 0.31 0.033369603trehalase-deletion mutant is unable to degrade trehalose, the reduction
in the level of trehalose may be due to the dilution of the osmolyte,
following cell division during the induction period. The levels of all
genes, viz. chaperones and chaperonins, were correspondingly high
immediately after heat shock and decreased after the induction period
(Table 2). The reduced level of trehalose was insufﬁcient to solubilise
103Q-htt. The elevated expression level of Hsp104 (Fig. 5D) was a
general-purpose response to thermal stress. Concomitant increase in
the level of tps1 (or trehalose) allowed the partitioning of 103Q-htt in
the soluble fraction (Fig. 1A).
Although the increased transcription rates of most of the genes
following heat shock is not surprising, analysis of the results brings
out some interesting facts. The expression of Btn2 is strongly upregulat-
ed by heat stress and declines almost immediately after the stress is
removed [59,60]. In the present case, however, the transcript level con-
tinued to remain high after 7 h of induction. Btn2 has been reported to
have an inhibitory role in prion propagation [60]. Overexpression of
Btn2 is also associated with loss of the prion protein [Ure3] [61]. A
high level of Btn2would thus correlate with greater prion loss, resulting
in increased solubilisation of 103Q-htt. The Hsp70 family member Ssa1
forms a complex with Ydj1 and exhibits protein refolding activity. Con-
tradictory reports exist in the literature regarding upregulation of Ssa1
activity. Increased expression of Ssa1 leads to increased prion loss [62]
and probably shifts the partitioning of 103Q-htt to the soluble fraction.
On the other hand, overexpression of Ssa1has been reported to enhance
[PSI+] phenotype via de novo conversion of Sup35 [63]. In the present
case, solubilisation of 103Q-htt following heat shock was accompanied
by an elevated transcript level for this gene. Sis1 is localised in peripher-
al and juxtanuclear compartments following heat stress [60]. Both these
sites also act as cellular deposits for misfolded and aggregated proteins
[56]. Notably, the chaperone protein Hsp104 localises to this site [56].
The sorting of misfolded/aggregated proteins is promoted by Btn2.
The cellular localization of Sis1 changes in response to heat stress
and is proposed to be associated with the increased expression of the
transport protein Btn2 in the cell [60]. The translocation of Sis1 from
the cytosol to the nucleus following heat stress is sufﬁcient to result in
loss of prion propagation in yeast cells [60]. This leads to solubilisation
of 103Q-htt.
4. Conclusion
Mutant huntingtin protein (103Q-htt) could be expressed in the
soluble form in yeast cells following prior conditioning with mild heat
shock. Pre-treatment ameliorated the stress in the cells and increased
cell survival. Heat shock led to the production of trehalose and heat
shock proteins, mainly Hsp104, in the cells. A tight control of the levels
of trehalose synthetic enzyme (tps1) and Hsp104 was necessary to
observe this beneﬁcial effect. Although both molecules are protein
stabilisers, Hsp104 or trehalose alonewas unable to reduce the aggrega-
tion or toxicity due to the misfolded protein. Thus, the cytoprotective
756 A.A. Saleh et al. / Biochimica et Biophysica Acta 1843 (2014) 746–757roles of trehalose and Hsp104 are closely intertwined via their function
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